Nanoporous materials have attracted significant attention as drug delivery platforms, in which interfacial phenomena are often more influential than fluid mechanics in defining molecular loading capacity and release kinetics. This study employs nanoporous gold (np-Au) as a model material system to investigate physical mechanisms of molecular release of fluorescein (a small molecule drug surrogate) from the sub-micron-thick np-Au coatings. Specifically, the study reveals an interfacial mechanism where halide ion-gold surface interactions dictate the loading capacity and release kinetics of fluorescein. We systematically study the effect of halide concentration and species on release kinetics from sputter-deposited np-Au films with a combination of quantitative electron microscopy, fluorospectrometry, and electrochemical surface characterization techniques. The results suggest that the interplay of halide-gold interaction probability and affinity determine the nature of release kinetics. The former mechanism plays a more dominant role at higher ionic strengths, while the latter is more important at lower ionic strengths. This interfacial phenomenon is further complemented by functionalizing the np-Au with self-assembled monolayers (SAMs) of alkane-thiols for modulating gold surface-halide affinity and consequently the molecular release kinetics.
INTRODUCTION
There has been a surge of interest in novel material systems for drug delivery platforms with the overarching goal of controlled and targeted delivery of pharmaceuticals. 1, 2 Advancements in materials with nanometer-scale features and their application to biomedical sciences resulted in a variety of biomaterials for cancer therapeutics, vascular stents, and neurological applications. 2, 3 To that end, nanostructured materials such as porous silicon 4, 5 , anodic nanoporous alumina, 1, 3 metal oxide nanotubes, 1, 2, 6, 7 carbon nanotubes, [8] [9] [10] and polymers 11, 12 have become popular in the recent years as drug delivery platforms due to their tunable porosity and pore morphology for controlling release kinetics. Nanoporous gold is an emerging material that attracted significant attention for its unusual catalytic and optical performance, [13] [14] [15] [16] as well as its versatility in studying structure-property relationships for numerous applications. [17] [18] [19] [20] [21] Np-Au is typically synthesized by selective dissolution of silver from a silver-rich gold-silver alloy, where surface diffusion of gold atoms lead to a bicontinuous open-pore morphology. 22 This process, also known as dealloying, produces ~70% porosity and pore/ligament sizes in the range of tenths of nanometers. Variety of post-processing techniques, most popularly thermal treatment, can be used to coarsen the pores/ligaments as much as several microns while still maintaining a selfsimilar morphology. [23] [24] [25] [26] The facile synthesis and tunable morphology, combined with compatibility with conventional microfabrication processes, high electrical conductivity 26 , wellestablished gold-thiol linker chemistry, and biocompatibility easily explain its popularity as a material system. 27 During the last few years, these attributes led to np-Au's use flourishing in biomedical applications, including biosensors, [28] [29] [30] neural electrodes, 31, 32 and drug eluting coatings. 33 Our previous mechanistic study of molecular release from np-Au thin films revealed that the interplay of surface area and pore morphology dictate loading capacity and release kinetics of small molecule release. 33 More specifically, the molecular release from np-Au is due to desorption of molecules adsorbed on the pore walls and their outflux through the porous 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 NanoSEM430). ImageJ and a custom MATLAB script were used to analyze top-view SEM images in order to determine pore area and ligament size. 31 Energy dispersive X-ray spectroscopy (EDS, Oxford Inca Energy) was used to determine the elemental compositions of the films. Electrochemical characterization was used to calculate the effective surface areas of the samples. Briefly, cyclic voltammograms in 50 mM sulfuric acid were recorded with a scan rate of 50 mV/s by a potentiostat (Gamry Reference 600) in combination with a Teflon electrochemical cell, Ag/AgCl reference electrode, and platinum counter electrode. The area under the gold oxide (AuO) reduction peak (potentials between 615 mV and 1.045 V) was integrated to calculate the charge involved in the reaction. Corresponding effective surface area of np-Au chips were finally determined with 450 µC/cm 2 as specific charge of gold surface and the surface enhancement factor was calculated by taking the ratio of effective surface area of np-Au to the effective surface area of planar gold (pl-Au).
35

Loading and Molecular Release Quantification
Fluorescein sodium was used as a small molecule drug surrogate. 33, 36, 37 Np-Au chips were incubated for 16 hours inside a 10 mM fluorescein sodium salt solution in a 0.25 mL microcentrifuge tube at room temperature without exposure to ambient light. Preliminary studies indicated that a loading isotherm is reached between 1 mM to 10 mM. After incubation, fluorescein solution was aspirated and samples were rinsed three times with deionized (DI)
water inside the incubation tubes. After aspiration and rinsing, each chip was dipped into a 1L-beaker filled with DI water for 10 seconds in order to wash off any residual fluorescein molecules from the outside surfaces of the chips. After this step, each chip was placed inside a new microcentrifuge tube containing the elution medium of interest. In this work, DI water, 1x-DPBS, as well as NaCl, NaF, NaBr, and NaI at varying concentrations were used as elution media. The release profile of each chip was monitored by sampling the elution media at specific time points and quantifying its fluorescence intensity (emission at λ=515 nm) with a 6 fluorospectrometer (NanoDrop 3300). Prior to each fluorescence measurement, 10 µL-sampled solution from the elution tube was mixed with 10 µL of 50 mM NaOH to increase fluorescence intensity. 33, 38 Loading capacity represents the cumulative mass released, which is determined as the average molecular mass that reached steady state. Fractional release is calculated by normalizing the mass released at each time point to the final mass released. Unless otherwise indicated, the plotted data points and error bars represent respectively the averages and standard errors of measurements from at least three different samples.
RESULTS AND DISCUSSION
The goal of this work was to study the effect of elution media constituents on fluorescein release (i.e., loading capacity and release kinetics) from np-Au chips ( Figure 1 ).
Sample Characterization
The np-Au samples (3 mm x 3 mm square patterns of np-Au on the glass coverslips) were fabricated by sputtering a 600 nm-thick gold-silver alloy and dealloying them in nitric acid, which created a network of gold ligaments surrounded by inter-connected pores ( Figure 1A and 1B).
The elemental composition of the precursor alloy, as determined by EDS, was 35%:65%
(Au:Ag, atomic percent) and the residual silver composition in np-Au films after dealloying was 3-5%. 27 The image analysis revealed a unimodal pore morphology ( Figure S1 ) with typical pore diameters of 10 to 100 nm (extracted from the pore areas by approximating the pore shape as circular for simplicity) and an average ligament width of 56.9±1.6 nm. Minor hairline cracks, due to the release of tensile stress during dealloying, 39 were also observed in the np-Au films and their influence on molecular release was reported in our previous work. 33 The cyclic voltammetric characterization of np-Au thin films revealed an effective surface area of 7.32±0.59
, which constitutes an enhancement of 12.5 times over a pl-Au surface with the same 7 footprint ( Figure 1C ). We previously reported that this large effective surface area plays an important role in the release kinetics and loading capacity. 
Sustained versus Immediate Release Phenomenon
Our previous work focused on the effect of np-Au film thickness and pore morphology on fluorescein release into DI water. 33 The 600 nm-thick np-Au films used in this study displayed a sustained release of 0.13±0.01 µg of fluorescein up to two weeks. Surprisingly, when samples (prepared and loaded with the identical procedure) were placed in an elution medium of 1x-DPBS instead of DI water, almost twice as much fluorescein (0.25±0.02 µg) was released ( Figure 2 ). Perhaps more strikingly, the fluorescein release kinetics into DPBS was significantly different than for DI water, with almost an immediate release of the molecular cargo.
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Molecular release from np-Au is a combination of two mechanisms: desorption of surfaceadsorbed molecules onto pore walls and transport of fluorescein molecules through the porous volume. 33 It is illustrative to estimate the time it would take for fluorescein molecules to vacate the np-Au network if the release was purely dominated by Fickian diffusion. In this case, a simple calculation of diffusion length (x≈ √(Dt) 33 ) equated to the length of an average porous channel through film thickness (product of film thickness and tortuosity of 3.2±0. 2 42 ) of 1920 nm, indicates an extremely short duration of 8 ms. This contradicts with the sustained release duration of hours to weeks, 33 underlining the importance of surface-mediated mechanisms in prolonging molecular release duration. 1, 2 This also illuminates the putative mechanisms as to how chloride ions might be accelerating the fluorescein release. The affinity of chloride ions to gold is well known and it is plausible that chloride ions in the elution medium can replace physio-adsorbed fluorescein molecules. [43] [44] [45] [46] [47] We therefore hypothesized that in the presence of halides, the release kinetics and loading capacity are dictated by halide-gold interactions. This process can be deconstructed into two key mechanisms: (1) Probability of halide-ions interacting with the gold surface and (2) binding affinity of a halide upon collision with the gold surface. We now focus on experiments to investigate these two complementary mechanisms in describing concentration and halide-species dependence.
Ionic Strength-Dependent Release Process
As the ionic strength of the elution medium (i.e., concentration of chloride) increases, the probability of a chloride ion interacting with gold surface increases (Mechanism 1 described above). This, in turn, translates into a larger number of ion-surface interactions accumulating within a unit time window for the cases of higher ionic strength. Figure 3A validates this notion, where the release kinetics became faster as the NaCl concentration in elution medium increased. At the highest concentration of 100 mM (approaching chloride concentration in Another measure of a release process is the release rate, where the time it takes to release 50% of the loading capacity (half-life, t ½ ) is a conventional metric. We previously employed a curve-fit analysis proposed by Papadopoulou et al. that uses Weibull distribution function for extracting information about the release mechanisms. 49 This analysis allows for determining release half-life and provides insight into the geometry of the drug-eluting material. 33 In this approach, fractional release data ( Figure 3A ) is fitted into:
where M t and M ∞ are the cumulative amounts of release at a specific time point t and at the end of the release respectively. The curve-fit parameters a and b provide insight into possible The release half-life for the 100 mM NaCl case was on the order of one minute, while the halflife was approximately an hour for the 0.1 mM NaCl ( Figure 3B ). The inverse proportionality between half-life and NaCl concentration can again be explained by the combined effects of chloride-gold interaction frequency (Mechanism 1) and chloride-gold binding affinity (Mechanism In summary, the release process (i.e., kinetics and loading capacity) is mainly dictated by Mechanisms 2 in lower ionic strengths; where for a reduced probability of a halide interacting with the pore wall, the likelihood of a halide molecule permanently binding onto the surface upon collision is the limiting-factor. On the other hand, for higher ionic strengths; where the probability of halide-surface interaction is very high, the proportion of adsorbed halide per unit area and unit time is enhanced and Mechanism 1 becomes more dominant.
Halide Species-Dependent Release Process
To specifically investigate the effect of binding affinity, we investigated different halide species.
In the light of the notion that Mechanism 2 (binding affinity) is the factor that shapes the release process, we used low concentrations (0.1 mM) of sodium salt solutions of different halides (i.e.,
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 fluoride, chloride, bromide and iodide). Halides are known to create adlayers on metallic electrode surfaces and the degree of specific adsorption to gold surface increases in a fashion of F   -<Cl   -<Br   -<I   - . 44, 45, 48 It is therefore expected that more fluorescein should be displaced from the surface in a unit time in the presence of halides with high gold affinity. In agreement with this hypothesis, the observed release rate was higher for halides with higher gold affinity (Figure 4 ). 
)
More specifically, the slowest release was observed for the elution medium of NaF, which can be explained by the fluoride having the lowest affinity to the gold surface, 45 where the kinetic equilibrium between adsorption and desorption of fluoride and fluorescein onto the gold surface is not biased towards fluoride adsorption as was the case for chloride. The similarity between the release rates for Cl . In order to test this possibility, the morphology of a np-Au chip before and after a week-long DPBS soak was compared; however, there was no observable change in the morphology ( Figure S3 ). Given that the presence of chloride has an immediate effect (minutes) on the release kinetics, the absence of any morphological change in DPBS after a week suggests that surface restructuring was not significant in our study.
Modulating Sensitivity of Release to Halides
For the np-Au platform, halides can be viewed as stimuli that trigger the rapid release of fluorescein cargo. While gated-release is of significant interest for stimuli-responsive platforms, [54] [55] [56] [57] [58] [59] the sensitivity of molecular release from the np-Au network to halides constitutes a challenge for using np-Au in physiological conditions due to the halide abundance. 40, 41 Informed by the results revealing halide-gold interaction as the main driver of the release process, we hypothesized that SAMs onto the gold ligaments might dampen the degree of halide-surface interaction, therefore modulating the release processes. We leveraged the robust 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 similar ( Figure 5 ). It should be noted that the loading capacity for the SAM-modified np-Au also decreased, as the SAM layer likely reduced the fluorescein-surface affinity. With the availability of a large repertoire of functional thiols 60, 61 and the ability to iontophoretically load np-Au films 62 , it should be possible to optimize the system to circumvent the reduced loading capacity and also to modulate the sensitivity to halides or molecular triggers for tuning the release rate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mechanism played a more dominant role at higher ionic strengths, while the latter proved to be more important at lower ionic strengths. We finally demonstrated that this interaction can be modulated with the inclusion of thiol-based self-assembled monolayers. We anticipate that this work will not only pave the way to the development of tunable drug delivery tools but also inform the design of other platforms (e.g., electrochemical biosensors, 63 nanoparticle-based theranostics, 64 surface-enhanced Raman spectroscopy 65 ), where gold is frequently used. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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